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ABSTRACT

We report the novel superstructural chiral polar-surface induced backbone-peripheral-helical (BPH) hierarchical architecture of zincblende SiC
made possible by precise helical epitaxy. We show by direct image that this architecture has the mother—daughter relationship. The center
of the BPH consists of periodic octahedral modular units with chiral sidewalls. By forming Si—C covalent bonds at the sidewalls, a daughter
SiC wire spontaneously vine-grows in a peripherally helical way on the mother wire. All of the information of the mother wire, including
twinning, polarity and even stacking fault, are completely copied and inherited by the daughter wire one-by-one at the atomic level. Our
findings thus provide a simple growth method and the necessary atomistic mechanism for novel polar surface driven superstructural twinning
and subsequent BPH growth, which should be universal for zinchlende semiconductors and even could be true for other noncentral-symmetric

compounds.

From seashells to DNA,'-* backbone-peripheral-helical (BPH)
structure is ubiquitous in nature. It is also a necessary element
in liquid crystals*® and supra-molecule polymers.%’” Through
spontaneous self-assembly of the various chemical elements
and structural units at multilength scales (atomic, molecular,
and supra-molecular) by noncovalent interactions such as
hydrogen bond and electrostatic interactions,®® the sophis-
ticated backbone superstructure dictates the formation of the
more complex BPH hierarchical architecture in aqueous
media.'®!" For one-dimensional inorganic nanomaterials,'>-'3
free-standing nanohelical wires have been synthesized for
carbon nanotubes,'® SiC,'7 amorphous SiC,'® GaAs,"
7Zn0,29-23 Si0,,2* GaN,?? ZnGe,04,2%2° Zn,Sn04, 2" SiGe/
Si,2” and Si?® through pentagon-heptagon carbon rings,'¢
screw dislocations,!” unsymmetrical catalysis,'®!° and the
spontaneous polarization.?’2* The zigzag one-dimensional
nanomaterials were reported to be popular in zincblende
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structural materials. However, BPH architecture which
consists of these two components has not been synthesized
in solid—vapor media or covalently bonded semiconductors.
Here, we report the novel superstructural chiral polar-surface
induced BPH hierarchical architecture of zincblende SiC
made by precise helical epitaxy. The center of the BPH
consists of periodic octahedral modular units with chiral
sidewalls. Our findings provide a simple growth method and
the necessary atomistic mechanism for novel polar surface
driven superstructural twinning?-? and subsequent BPH
growth. The results thus provide a possible universal rule
for zincblende semiconductors and even could be true for
other noncentral-symmetric compounds which are important
for controlling the morphology and the quality of these one-
dimensional nanomaterials.

The synthesis process of SiC NWs includes the xerogel
preparation and a subsequent carbon-thermal reduction which
was similar to the process in ref 33. The as-prepared xerogel
was heated in Ar flow (60 cm?/min) to 1050 °C at a rate of
10 °C/min, then to 1350 °C at a rate of 2 °C/min and
maintained at this temperature for 6 h. The raw product was



Figure 1. Morphology and structure of the SiC octahedral twinning nanowire backbones and the backbone-peripheral-helical NWs. (a—d)
TEM images of the SiC nanowires: zigzag pillars viewed along (a) [011] and (b) [—112]. (c) Right-handed and (d) left-handed BPH. (e,f)
SAEDPs corresponding to (a,b). (g) Top view of the zigzag pillar. (h,i) Top and perspective view of a modular unit of the pillar. (j.k) Same
as (h,i) but in an atomistic structural model. Indexes 1, 2, 3(3'), and 4 indicate four nonorthogonal {111} surfaces. (1) Pillar as a result of
modular units in (i) stacking along [1—11]. (m,n) Top and [011] side view of the twinning derived rotational chirality. Green arrows
indicate the direction of rotation. After each rotation, the height of the pillar increases by h, (h,, is the fully grown height of the octahedral
unit), and upon 6 consecutive rotations, 1 cycle is completed. The red lines in (a) and (b) frame the edge trace of the octahedral pillar at
the front side, and the blue lines in (b) draw the edges of the octahedron at the back-side.

heated in air at 700 °C for 4 h to remove the residual carbon,
and subsequently treated by nitric acid (HNO;) and then
hydrofluoric acid (HF) to eliminate the residual silica and
other impurities.

The product was examined by field emission gun scanning
electron microscopy (SEM; JEOL JSM-6500F) with a 30 KV
and beam current of 5 nA. A small piece of the as-synthesized
product was dispersed ultrasonically for 15 min in ethyl alcohol
and placed on a Cu supporting carbon microgrid for immediate
transmission electron microscopy (TEM) examination. Con-
ventional TEM analysis and high resolution (HR)-TEM were
conducted using a JEOL-2010F with a point resolution of 0.19
nm, and it was operated at 200 kV. Morphology observation
and selected area electron diffraction pattern (SAEDP) as well
as atomic scale observations of the samples were conducted.
The atomic model of SiC is set up with the commercialized
software CrystalKit and the HRTEM simulation was carried
out with Mactempas. Multislice approximation method was used
in simulating the HRTEM images. The simulation parameters
were chosen to be close to the experimental ones. Convergent-
beam electron diffraction (CBED) was conducted using a spot
size of 5 nm. The polarities of the SiC were identified by CBED
through comparing the experimental and the Bloch simulated®*
results. The simulated patterns were with 160 nm in thickness
and 32 beams included.

The synthesis of the BPH nanowire pairs (NWPs) includes
the xerogel preparation and a subsequent carbon-thermal
reduction.’® Both freestanding SiC zigzag nanowire pillars
(Figure 1a,b) and BPH NWPs (Figures 1c,d) were observed
by the TEM. The BPH NWP consists of a central backbone
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and a peripheral helical wire. The backbone has identical
structure with that of the freestanding zigzag pillar. The
peripheral helical wire has well-developed helical structure,
relatively uniform diameter, repeatable helical pitch, and
well-defined helical angle: among more than 50 BPH NWPs,
the diameters range from 20 to 90 nm; the pitch distances
range from 150 to 200 nm with lengths ranging from 100 to
200 um, and two characteristic projected helical angles of
62° along & and 58.5° along A. Both left- and right-handed
helical structures were observed, as shown in Figure lc,d
with a ratio close to one. The statistics of BPH nanowire
pairs has been shown in Figure 2. The as-synthesized SiC
samples contain about 10—20% of the BPH NWPs (Figure
S1, Supporting Information).

As the freestanding zigzag pillar holds the key to BPH
formation, it is essential to first understand its structure. The
zigzag pillar is shown in Figure la (viewed along [011]) and
Figure 1b (viewed along [—112]). The pillar in Figure 1a is
marked by two nanofacets A and B, respectively, separated
by a twin boundary. SAEDP in Figure le also reveals such
a twinning, so the two facets A and B can be indexed as
two different {111} planes. CBED were taken from A and
B respectively and then simulated (Figure S2, Supporting
Information). The simulated (002) and (00—2) diffraction
disks agree well with the experiment and indicate an ortho-
twin feature (Figure S2). There are three equivalent § viewing
directions. Therefore, there are three sets of {111} facets
like the one in Figure la. In other words, each segment of
the zigzag pillar consists of 6 truncated {111} facets. When
rotating along the longitudinal direction by 30° toward
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Figure 2. Statistics of the observed SiC backbone-peripheral-helical nanowire pairs where (a) is the pitch values and (b) is the diameter of
the backbone pillar, (c) is the handedness, and (d) is the projected helical angle under [011] zone axis observation.

[—112] (Figure 1b), however, such zigzag feature can no
longer be seen, and the corresponding SAEDP in Figure 1f
is that of a single crystal. The cross-sectional TEM image
in Figure 1g shows indeed a typical hexagonal shape, as
schematically depicted in Figure 1h, from which we deduce
the basic modular unit of the pillar (Figure 1i) as a truncated
{111} octahedron with 6 {111} sidewalls and 2 {111}
surfaces in the longitudinal direction. The octahedron has 4
equivalent polarization directions, 1, 2, 3, and 4 in Figure
1j,k. Stacking of the modular units yields the zigzag pillar
in Figure 11. Figure Im,n shows that the 60° consecutive
twinning naturally derives chirality. Next, we characterize
the BPH NWPs. Low magnification TEM images in Figure
3a reveal the hybrid characters of the BPH architecture.
Enlarged dark field image in Figure 3b shows identical
contrast of the helical wire with that of the pillar wire,
indicating structural and orientation uniformity across the
boundary. The electron diffraction pattern in Figure 3c, taken
from a single period of the BPH NWP, shows a typical face
centered cubic (FCC) {111} twinning. Figure 3a—c thus
reveals clearly the epitaxial nature of the helical NW grown
on top of the pillar NW. Figure 3d is an HRTEM image of
the interfacial structure for the BPH NWP, in which the inset
shows an enlarged image taken from the framed region.
These results demonstrate that the helical NW inherits the
crystallographic structures of the mother pillar in an exact
epitaxial way without any detectable mismatch dislocations
at the interface even at the atomic scale. We thus conclude
that there is no polarity change and the interfacial bonding
is the hetero Si—C bonding, as shown in Figure 3e.
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Figure 4a shows an SEM image of a BPH NWP, in which
the termination point of the pillar (TOP) and that of the
helical-wire (TOH) are indicated. Although both finishing
ends have sharp tips, TOP is clearly ahead of TOH, which
is a clear indication of the mother-daughter relationship.
Figure 4b shows the TEM image of another BPH NWP, in
which the initiation point of the NWP can be clearly seen.
Four diffraction patterns (Figures 4c—f) were taken from four
different points: A (alien wire before initiation), B (mother
wire), C (initiation point), and D (daughter wire). Except
for the single crystalline feature of the alien wire at A, the
initiation at C, the daughter wire at D, and the termination
point all show well-developed (111) twinning structures,
identical to the mother wire at B. This suggests that when
the alien wire contacted the mother wire at point C, it
immediately became the daughter wire, not only by changing
the growth direction but also by copying and inheriting the
exact twining structure of the mother wire. Figure 4g—i
illustrates how a helical wire would vine grow on the zigzag
(mother) pillar. When viewed along [—112] (Figure 4g), the
daughter wire shows pseudosingle crystalline atomic structure
with no visible kinks (but with small kinks if viewed along
& directions as shown in Figure S5, Supporting Information).
A projected helical angle of 58.5° is revealed. Figure 4h
shows a schematic atomic structure model (to be detailed
below) viewed in the same direction. The model indicates
that the daughter wire speels along [101] whose projection
in the [—112] direction, [101]p, has a helical angle of 58.5°.
Figure 4i shows the mother—daughter relationship in a two-
dimensional unwrapped scheme.

Nano Lett.,, Vol. 8, No. 8, 2008



Figure 3. Morphology and the atomic scale structure of the backbone-peripheral-helical NW pair show the near-perfect helical epitaxial
feature of the daughter wire with the mother backbone. (a) A typical TEM image of the BPH NWP. (b) An enlarged image of the
framed region in (a). Red lines frame the mother (M) pillar whereas blue lines frame the daughter (D) wire, and they show a nearly
perfect epitaxial relationship. (c) Selected area electron diffraction pattern (SAEDP) indexed in terms of the [1—11] twinning. (d)
High-resolution image to show interfacial structure. An enlarged HRTEM image from the framed region is given in the upper inset.
Dynamically simulated HRTEM image (inserted in the same inset) agrees with the HRTEM image. The lower inset shows a fast
Fourier transformed pattern confirming single crystalline phase. (e) Atomic model showing hetero Si—C bonding at the BPH interface.

We can understand the formation of the (mother) zigzag
pillars in terms of a polar-surface energy difference-driven
phenomenon. For zincblende NW grown in the [1—11]
polarized direction, the {111} polarized facets (1, 2, 3
and 4 as shown in Figure 1j,k) are the low-energy sidewalls.
However, these polarized sidewalls (2, 3 and 4) are not
normal to the [1—11] growth direction as shown in Figure
1j,k. This nonorthogonality, and the fact that the polarized
energy of the Si-terminated (111), (1—1—1), and (—1—11)
side-wall surfaces (surface energy density o)) is different
from that of the C-terminated (—1—1—1), (—111), and
(11—1) side-wall surfaces (surface energy density o),
together with the dramatic change of the cross-sectional
surface bulky and the cross-sectional polarization energy
through the octahedral slab’s growth are the primary driving
forces for the formation of the superstructural octahedral
zigzag pillars and hence for the complex BPH architecture.

To illustrate the point, Figure 5a shows the stacking of two
adjacent molecular layers in a cross-sectional view, in which for
simplicity each ball represents a SiC molecule. Figure 5b shows
the side view. We denote a = md{i10y and b = nd{110; the
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long and short edges to represent the Si-terminated edges
and the carbon-terminated edges in Figure 5a. dji10) is the
nearest neighboring atomic distance in the polarized {111}
plane, and m and n are integers. By using Figure Sa, it is
straightforward to show that the long edge a shrinks while
the short edge b expands during their growth to be side walls,
such that the circumference C of the hexagon is unchanged,

3(a+ b) =constant C or 3d“10}(m+n)=C (1)

This implies that om = —on. The area of the cross section
in Figure 4a is given by

_1 s 30 . _‘/_5(9 )
S—zcos30(a+2b) 320053019—4 9+2ab 2)
or

'~ 2
§= ‘2—3(% 28 gy n) (2a)

The change in S with respect to the change in m, that is,
the side-wall surface area, subject to On = —om is thus given
by
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:;Ti = %dfm)(n —m) 3)
The cross-sectional area S reaches its maximum when and
only when n = m, at which the hexagon is equilateral. At
this moment, the bulky energy of the cross section of the
octahedral nanopillar is the largest. One can show that, at
this point, the height of the unit is half of the fully grown
octahedral modular unit, namely, 7 = hy2 (h, is the fully
grown height of the octahedral slab as shown in Figure S3).
On the other hand, the cross-sectional area S also determines
the polarization energy difference of the up and bottom
surfaces. When and only when the height of the unit reaches
fully grown height A, the top and bottom surfaces possess
a same area and reach an equilibrium condition of the
polarization energy.

As the unit in Figure 5a grows, the cross-sectional surface
area S increased, and the a edges evolve into the Si-
terminated polarized sidewalls, whereas the b edges evolve
into the C-terminated polarized sidewalls, with energy density
o, and 0, respectively (see Figure S5c). For the sake of
discussion, here, we assume that the surface polarization
energy density 0, > o) (to be consistent with the above
assumption that a > b). Thus, in terms of sidewall energies,
the growth of the unit is energetically disfavored because it
forces the lower-energy a edges to shrink. In addition, the
increase of the cross-sectional surface area S causes a
disfavored polarization energy difference to increase (the

SOnm

difference between the top and bottom surface areas in-
creases). However, the increase in surface area S in Figure
5a) translates into an increase in bulk energy when the
surface is covered by additional layers to overcome the loss
in the sidewall energies and the polarization energy. Further,
when a and b edges evolved into side walls, a side-wall bulky
energy o was generated, and it increases with the growth of
the octahedral unit. Together with the cross-sectional bulky
energy, they are the driving forces for the growth of the
{111} octahedral structure unit when the height 7 is less than
hy/2. In other words, so as long as the height / of the unit
satisfies 1 < hy/2, its growth is energetically favored. The
situation changes once h exceeds h,/2. Here, not only the
increase in the sidewall energy (lower-energy a edges to
shrink and higher energy edges to expand) is still energeti-
cally disfavored, but also the shrink of the surface area S is
also energetically disfavored. The favorable energy comes
from two sides: one is still the formed side-wall surface bulky
energy o, and the second one is the polarization energy
difference between the up and the bottom surfaces. After
reaching the height & > h,, the polarization energy difference
between the up and the bottom surfaces decreased and
became a driving force to lead the growth of the {111}
octahedral unit. Finally, the up and bottom surface polariza-
tion-energy difference became to be zero when and only
when the top surface area equals to the bottom one, at which,

Figure 4. Mother—daughter correlations include the initiation, termination points, and helical features of the BPH NWPs. (a) SEM image
of the termination points of a BPH NWP. Both termination points of the mother pillar wire (TOP) and daughter helix wire (TOH) are
shown. (b) Another BPH NWP in which the BPH initiation point is readily seen. (c—f) SAEDPs taken at A, alien wire, B, mother wire,
C, initiation point, and D, daughter wire in (b), respectively. Through (d—f), the red and green indices are those for matrix and twins,
respectively. (g) TEM image of a BPH NWP viewed along [—112]. (h) An atomistic model of (g) showing the daughter wire speeling
along [101]p, defined as the [101] axis projected in the viewing direction. (i) The mother—daughter wire relationship unveiled in a two-
dimensional unwrapped scheme. Despite that the true helical angle should be 60°, the projected angle here is only 58.5°, as derived in

Figure S6.
2262
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Figure 5. Schematic models show atomic mechanisms forming the superstructural octahedral twinning NWs and the BPH NWPs. (a)
Molecular model of the modular unit at its base with only two layers. Letters a and b denote the long and short edges, respectively. (b)
[—112] side view of the model where # is the height. (c) A fully grown modular unit of height /,. (d) Second modular unit on top of the
first one with a 60° rotation. (e) Schematic illustration of daughter-wire speeling on mother wire along <110>.

the critical height h, was reached. At this point, the only
favorable energy which can lead the octahedron growth
would be side-wall bulky energy. All of the others are energy
unfavorable process which includes side-wall energy (lower-
energy a edges to shrink and higher energy edges to expand),
top—bottom surface polarization energy difference, cross-
sectional surface area bulky energy. To keep the octahedral
unit to continue to grow with the low energy {111} facets,
a twin started to form at the growth front in order to terminate
the unfavorable growth. This leads to a 60° rotation twin of
the next modular unit with respect to the previous one, as
shown in Figure 5d. Thus, edge @ in modular 1 becomes
edge b in modular 2 and vice versa, so the original
energetically favored growth process can be resumed. This
leaves behind with the complex pillar architecture in Figure
1L

From the above discussion, we now understand that the
formation of the zigzag pillars is driven by local energetics,
not necessarily by global energetics. In other words, these
pillars are only kinetically stable. This is because, despite
that the {111} surfaces are the lowest-energy surfaces, the
zigzag pattern in these pillars increases the surface area
considerably with respect to either the hexagonal or the
cylindrical pillars as detailed in Figure S3 and Figure S4.
Smaller zigzag pillars, with diameter below than 100 nm,
have much larger surface areas than hexagonal or cylindrical
pillars (10~20% higher). In addition, the formed zigzag
pattern increased a huge amount of sticky cohesion energy
which can be as high as several times that of the hexagonal
and the cylinder pillars. These global instabilities thus provide
high driving forces for the zigzag pillars to attract alien wires

Nano Lett,, Vol. 8, No. 8, 2008

to vine grow in order to lower surface energy. This is
consistent with our experimental observation that the entire
BPH architecture was found only on the zigzag pillars. No
helical NW was found on either the popular hexagonal wires
or on the cylindrical wires.

The analysis of the experimental helical angles shows a
normal distribution with a peak value at about 62° (viewed
along [011]) and 58.5° (viewed along [—112]). One can fulfill
such angle requirements if the growth of the daughter wires
always follow along the [101] edge of the zigzag pillar
(Figure 5e). Detailed analyses can be found in Figures S5
and S6. Our analysis further suggests that the daughter wire
also possesses the low-energy {111} facets. With such a
constraint and that the atomic stacking during the growth
must be in the {111} plane, the growth direction of the
diameter daughter wire is naturally one of the & directions.
Upon crossing a twin boundary, the [101] edge of the zigzag
pillar rotates by 60° when looking down from [—11—1]. The
daughter wire must rotate too. It is energetically favorable
for the daughter wire to rotate in the forward direction, as
the alternative to rotate backward will crease sharp kinks
that are energetically costly.

In summary, our study reveals for the first time covalently
bonded SiC BPH NWP and its underlying theoretical
mechanisms including local energetics-driven superstructural
twinning of the mother wire and inherit chiral growth of the
daughter wire. The mechanisms could be universal to other
polar materials as well, as octahedral twins, identical to our
modular unit, have been observed such as in ZnSe,?° GaP,*
InP,*' ZnS,* and others but unexplained.?*-3> More impor-
tantly, our essay may initiate a new quest of artificial
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materials by using polarity to purposely induce superstruc-
tural twins and complex multihierarchical BPH architectures
to mimic the functionalities currently present only in bio-
and organic systems and to operate at temperature, pressure,
and pH value under which such systems simply cannot
survive.
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